The purpose of this study is to comparatively evaluate the wear resistance of concretes under abrasion rates. Five concrete mix proportions of a fixed water-cement ratio of 0.45 were considered in the study, but the constituent materials, age of concrete and exposure contact conditions were varied. The coarse aggregate type employed in the study was crushed granite. The compressive strength and abrasion resistance of concretes were tested between at ages 7 to 70 days and 100 -500 revolutions of abrasion wheels respectively. The study revealed that the compressive strength and abrasion resistance had the optimal performance when the coarse aggregate content was 45% and the worst performance when the fine aggregate content was 28.7% of the total weight of concrete constituents. There was a remarkable loss of concrete particles to wear between 200 revs and 300 revs of abrasion wheel contact. Concrete grade in excess of 60 N/mm 2 is required to resist abrasion beyond 200 revolutions of abrasion wheel contact on concrete specimens. Concretes investigated also showed weak resistance to deep abrasion at and above 300 revolutions of abrasion wheel contact.
Introduction
Abrasion is often a foremost operational threat to the quality and durability of existing concrete structures leading to deterioration and premature failure. Concrete performance is more commonly evaluated with respect to the engineering or mechanical properties such as compressive/flexural strengths and modulus of elasticity, and less frequently, tensile strength, shrinkage and creep. Although carbonation, sulphate and chloride penetration resistance, and less frequently, water absorption and air/oxygen permeability have received remarkable attention, abrasion resistance is in fact one of the least investigated durability properties of hardened concrete. However, this is vital in hydraulic structures, floors and highway and runway pavements.
The abrasion resistance of concrete is significantly affected by the exposure conditions, concrete strength, aggregate properties, cementitious materials, curing, methods and surface finish [1] . Extensive literature reports have focused on the investigation of the physical processes involved in abrasive wear of a wide variety of fly ash and silica fumes concrete [2] [3] [4] . The notable standard test methods for abrasion resistance suggest that both the sand blasting method of ASTM C 418 [5] and under-water method of ASTM C 1138 [6] are suitable for evaluating the abrasive erosion resistance of water-borne particles on hydraulic structures. On the other hand, ASTM C 779 [7] and ASTM C 944 [8] are applied to measure the abrasion resistance of pavements and floors.
The abrasion resistance of concrete incorporating haematite as partial replacement for fine and coarse aggregates was evaluated in line with the Turkish Standard specifications (TS 699) comparable to ASTM C799 [9] [10]. Saikia and de Brito [11] determined the abrasion resistance of concrete containing shredded PET bottle waste as a partial replacement of natural aggregate using Böhme apparatus according to the DIN 52108. The effect of class F fly ash and coal bottom ash as partial substitutes for fine aggregate and cement on the abrasion resistance of concrete was investigated by Siddique's research team in accordance with Indian Standard IS 1237-1980 [12] [13] [14] [15] [16] . This method is comparable to ASTM C1138M [6] which qualitatively simulates the behaviour of swirling water containing suspended and transported solid objects that cause abrasion of hydraulic concrete structures. Similarly, the underwater method according to ASTM C 1138 [6] was employed to evaluate the abrasion resistance of alkali-activated slag cement concrete [17] , concrete containing marginal aggregates [18] , high strength concrete (HSC) [19] and influence of class F fly ash as partial replacement for cement in HSC in hydraulic structures [3] .
Shamsai et al. [20] showed that reduction of water-cement ratio in nano-silica concrete from 0.5 to 0.33 improved the abrasive strength by 36%, while the conductivity coefficient and porosity decreased. Yen et al. [3] studied the wearerosion resistance of high strength concrete mixtures in which cement was partially replaced by 15%, 20%, 25% and 30% of class F fly ash. The findings showed that wear-erosion resistance of fly ash concrete increased with the compressive strength as the water-cementitious materials ratio decreased. Aginam et al. [21] evaluated the effects of coarse aggregate types on the compressive strength of concrete. It was revealed that crushed granite aggregated concrete produced the best compressive strength, while the unwashed gravel concrete had the least.
Apebo et al. [22] Extensive studies have shown that the abrasion resistance of concrete depends on its compressive strength and the individual properties of the constituent materials. However, there is no general direct correlation between the aggregate and concrete abrasion test results. Hassan [23] investigated the effect of grading and types of coarse aggregates on the compressive strength and unit weight of concrete. There is a dearth of investigation on the resistance of concrete to deep abrasion according to BS 6717 [24] now modified as BS EN 1338 [25] . This study therefore reports an experimental study on the abrasion resistance of concrete specimens of varying cement and aggregate contents but fixed water-cement ratio of 0.45 based on BS EN 1338 [25] at different revolutions of abrasion wheel and curing ages.
Experimental Programme

Materials
Grade 42.5 ordinary Portland cement conforming to BS 12 [26] was used in this study. The properties of cement such as consistency, setting times, soundness and compressive strength are summarized in Table 1 . Coarse aggregate was crushed granite of maximum nominal size of 19 mm sourced from Shagamu, Southwestern Nigeria. Fine aggregate was natural coarse sand collected from Ogun River of maximum nominal size of 4.75 mm. The both aggregates were free from deleterious materials and the physical properties were carried out in accordance with BS 812 [27] . The properties of fine and coarse aggregates are presented in Table 2 and the particle distribution curves are plotted in Figure 1 .
It is obvious that the fine and coarse aggregates employed as constituents of the concrete in the study are well-graded. Potable water of pH of 7.1 which conformed to the requirements of BS 3148 [28] was used in mixing the aggregates and cement.
Concrete Mix Proportions
A total of five mixtures designated M1 to M5 with a fixed water-cement ratio of dance with the procedures given in BS 1881 [29] . The mix proportioning computed using arbitrary volume method is presented in Table 3 . Consequently, Conplast SP430 Superplasticizer (a chloride free, super plasticising admixture based on selected sulphonated naphthalene polymers) was added to mixtures M4 and M5 at a dosage of 1 liter per 50 kg of cement to achieve satisfactory workability of 45 mm and 34 mm respectively from the initial slump values of 20 mm and 10 mm.
Preparation and Casting of Concrete Specimens
Sixty concrete cubes were cast, cured and tested for compressive strength. A total of seventy-five 150 mm concrete cube specimens were cast, cured and tested for compressive strength according to BS 1881 [30] , while 300 concrete prisms of size 100 × 100 × 60 mm were cast to determine concrete resistance to deep abrasion in line with BS EN 1338 [25] . The compressive strengths of the specimens were determined from average crushing load of 150 mm cubes at 7 days, 28 days, 42 days, 56 days and 70 days, while 100 × 100 × 60 mm concrete block specimens were produced for abrasion resistance investigation. Concrete specimens were cast and then covered with thin polythene membrane to minimize moisture loss.
The concretes were stored and tested in the laboratory under mean air temperature of 26˚C ± 1˚C. The specimens were demoulded after 24 ± (1/2) hours and then transferred into a water-curing tank for the test periods.
Tests of Fresh and Hardened Concretes
The workability of the five concrete mixtures designated as M1, M2, M3, M4 and M5 in fresh state was determined through slump test carried out according to BS 1881 [31] . Compressive strength of the 150 mm concrete cube specimens of the five concrete mixtures was determined at the curing ages of 7, 28, 42, 56 and 70 days in line with BS 1881 [30] . The resistance of 100 × 100 × 60 mm concrete specimens of different mix proportions to deep abrasion by a rotating abrasion wheel at constant speed and pressure was tested at curing ages of 28, 42, 56 and 70 days in conformity with BS EN 1338 [25] .
The abrasion resistance was determined by measuring the groove length produced in the surface of the specimen by a disc rotating at a constant speed of 75 revolutions per (60 ± 3) s. Measurement of groove length was made for 100, 200, 300, 400 and 500 revolutions of rotating disc. For each test day, the procedure was replicated three times for each specimen at a specified number of revolu- 
Results and Discussion
Compressive Strength
The test results of the compressive strength of the investigated concrete mixture are shown in Figure 3 . The compressive strength of the concrete mixtures increased as the cement contents increased for all the test days. The rate of compressive strength increment was higher in concretes prior to the 28 days age. The results showed that for all the mix proportions, there was a significant increase in the strength of concrete with curing age. The compressive strength values at the 7th day curing ages for all mixes were within 65% -70% of the 28th day strength values. The strength thereafter increased almost linearly from 28 days to 70 days, a period when considerable hydration of the cement ought to have been attained [32] , albeit at a decreasing rate. Even though M2 had the highest fine aggregate content and lowest coarse aggregate amongst the five mixtures, this uniqueness did not reflect in the compressive strength pattern.
The variation of the compressive strength of the concrete mixtures as a function of cement content is shown in Figure 4 . Cement content here was regarded as the percentage mass of cement from the mass of the entire constituents of concrete including water. Coupled with the fact that compressive strength increased as the age of concrete increased, the strength also followed similar trend between ages 28 days and 70 days. The 14 days interval resulted in almost equal strength increment with respect to cement proportions. The strength increased at decreasing rates between 10% and 20% cement contents for all the curing ages. However, the strength increased remarkably beyond 20% cement content from ages 28 days and beyond. These findings show a direct relationship between strength and cement content. This is at variance with the position of Wassermann et al. [33] that although strength increases with decrease in water-cement ratio, it is independent of cement content for a given water-cement ratio in the absence of admixtures. Further investigation to evaluate the effect of cement-to-total aggregate ratio (CTAR) on the compressive strength of the concrete mixtures is presented in Figure 5 . CTAR, expressed in percentage, is defined as the ratio of mass of cement to the total mass of fine and coarse aggregates in a particular concrete mixture. It is obvious from Figure 4 and Figure showed that the contribution of CTAR to the compressive strength was about 82% of that contributed by cement content at 7 days which dropped to 75% at 70 days.
Kosmatka et al. [34] posited that a wide range in grading can be used without measurable effect on strength provided the water-cement ratio is kept constant and the ratio of fine-to-coarse aggregate is chosen correctly. The comparative study of the influence of fine and coarse aggregates on the compressive strength of the five investigated concrete mixtures is presented in Figure 6 . Concrete strength decreased linearly (minimum R 2 = 0.97) with increase in fine aggregate content until it attained the minimum value at 28.7% (M5) after which it increased linearly up to 30.3% as shown in Figure 6 (a). On the other hand, the optimal coarse aggregate content was 45% corresponding to mixture M1 (the mixture with the highest cement content). The compressive strength increased from about 40% (M2) to 45% (M1) beyond which the compressive strength decreased linearly as the coarse aggregate content increased.
Abrasion Resistance
Effect of the number of revolution of abrasion wheel on wear resistance of various mix proportions is summarized in Figure 7 . The relationship between wear depth and curing age for all the investigated mix proportions were best represented by linear equations whose coefficients of correlation ranged between 0.9715 and 0.9994. In all cases, wear depth decreased with curing age of concrete.
The equations of the lines of best fit (plotted in Figure 7 ) for wear depths measured for the five concrete mixtures under the abrasive contact with the rotating disc of different cycles are summarized at different curing ages in Table 4 . The average rate of rate of wear and the trend of deterioration due to number of cycles of rotating disc are extracted and discussed in terms of the percentage difference of the slope with respect to the 100 revolutions for each concrete mixture.
(a) (b) Figure 6 . Influence of (a) fine aggregate and (b) coarse aggregate on the compressive strength of concrete.
A. P. Adewuyi et al. were 11%, 123%, 123% and 146% respectively. The massive loss of concrete to abrasion at 300 revs and above clearly showed that the concrete grade was not suitable for such an exposure condition. This particularly was common to all the mix proportions. Concrete mix proportion M2 exhibited slightly less resistance to abrasion than M1. This is better explained by the fact that the compressive strength of M2 was slightly less than that of M1. The mean wear depth per each day of curing age was 0.154 mm. In addition, the abrasion loss increased by 3%, 97%, 111% and 129% at 200 revs, 300 revs, 400 revs and 500 revs of abrasion wheel respectively. It can be concluded from this study that compressive strength is indeed directly related to the abrasion resistance of concrete. aggregate ratio (CTAR) have similar influence on abrasion resistance. Figure 9 shows the relationship between wear depth and cement-total aggregate ratio in concrete specimens. Analysis of the plots showed that abrasion resistance has a quadratic relationship with the percentage of total aggregate represented by cement content with a coefficient of correlation varying between 0.7825 and 0.9967.
Age of concrete and cement content as a fraction of total aggregates had direct effects on abrasion resistance. This behaviour is similar to the effect of CTAR on compressive strength thereby confirming the fact that abrasion resistance is directly related to the compressive strength of concrete.
The effect of coarse aggregate content on the abrasion resistance of concrete specimen is presented in Figure 10 . The relationship between wear depth and coarse aggregate content in concrete specimens was quadratic with a coefficient of correlation varying 0.6708 and 0.9976. The ability of concrete specimens to resist deep abrasion increased from 40% and peaked at 45% after which there was progressive loss of concrete surface to abrasion wear. As previously established, abrasion resistance increased with the age of concrete mixtures, but decreased as the number of cycles of abrasion wheel on the concrete specimens increased. It is therefore obvious that coarse aggregate in excess of 45% is not Table 5 . Summary of equations of curves of best fit for wear depth of concrete of different curing ages against cement content under varying cycles of rotating disc. ideal for concrete subject to abrasive exposure conditions.
Conclusions
The study presented an experimental study on the abrasion resistance of concrete specimens of varying cement and aggregate content at a fixed water-cement ratio of 0.45 under different cycles of abrasion wheel at different curing ages. The following conclusions are drawn from the study: 2) Compressive strength and abrasion resistance of concrete specimen had the worst performance at 28.7% fine aggregates and best performance when the coarse aggregate was 45%.
3) The compressive strength of concrete had strong influence on its abrasion resistance which improved with increase in age for all concrete mixtures.
4) Cement-total aggregate ratio (CTAR) and cement content of concrete have similar effect on the compressive strength and abrasion resistance of concrete.
However, CTAR was found to be a more reliable variable.
